The iron isotope composition of sedimentary pyrite has been proposed as a potential proxy to trace microbial metabolism and the redox evolution of the oceans. Here, we demonstrate that Fe isotope fractionation accompanies abiotic pyrite formation in the absence of Fe(II) redox change. Combined fractionation factors between Fe(II) aq , mackinawite and pyrite permit the generation of pyrite with Fe isotope signatures that nearly encapsulate the full range of sedimentary δ 56 Fe pyrite recorded in both Archean and modern sediments. We propose that Archean negative Fe isotope excursions reflect a small extent of Fe(II) aq utilization rather than microbial dissimilatory Fe(III) reduction. Late Proterozoic to modern sediments may reflect higher extent of Fe(II) aq utilization and variations in source composition.
(oxy)hydroxides and BIFs precursor minerals would preferentially incorporate 56 Fe (2, 11) and subsequent sulfide precipitation would reflect the 56 Fe depleted Fe(II) aq . Interestingly, both of these models are predicated on the hypothesis that pyrite is a passive recorder of the Fe(II) aq pool. The assumption is that an isotopically light Fe reservoir is the essential ingredient to produce isotopically light pyrite.
We report experimentally derived Fe isotope fractionation factors for abiotic pyrite formation at 40°C and 100°C at pH 6 (12) . Pyrite was synthesized under anoxic conditions via the H 2 S pathway (13) where FeS m (initial δ 56 Fe FeS was +0.3 ‰) dissolves to form aqueous FeS clusters (FeS 0 aq ) which react with H 2 S to form pyrite. Pyrite was separated from its Fe(II) reservoir (Fe(II) RES = FeS m + FeS 0 aq ) and the isotopic compositions of pyrite and Fe(II) RES were measured. At 40°C and 100°C, the abiotic fractionation Δ 56 Fe Fe(II)RES-pyrite varies from +1.7 to +3.0 ‰ ± 0.1 ‰ (~2.2 ‰ on average) ( Fig. 1a ).
Isotopic mass balance for each experiment (Table S1 ) and replicate analysis indicate that the experimental error is small and our results are reproducible. The kinetic fractionation factors (α' Fe(II)RES-pyrite ) are 1.0025 ± 0.0007 and 1.0021 ± 0.0004 at 40°C and 100°C, respectively. Within errors, these fractionation factors are indistinguishable and on average α' Fe(II)RES-pyrite = 1.0022 ± 0.0007. This is large compared to the fractionation during FeS m formation. We measured maximum rates of pyrite formation (~2.8 x 10 -6 mol pyrite l -1 s -1 ) close to published data [~ 3 x 10 -6 mol pyrite l -1 s -1 , (13) ]. The pyrite forming process is mechanistically uniform over the 25°C-125°C temperature range (13) , and the observed temperature independent effect indicates that our results may be extrapolated with reasonable confidence to ambient temperatures. The potential Fe isotope effect associated with FeS m dissolution into FeS 0 aq is unknown, but should be small because FeS m and FeS 0 aq are structurally congruent (14) . This means that measured Δ 56 Fe Fe(II)RES-pyrite approximates Δ 56 Fe FeSm-pyrite and Δ 56 Fe FeS(0)aq-pyrite . (Fig. 1a ). In this model, Fe(II) RES is progressively converted into pyrite in a closed system. At 100°C (Fig. 1b) , the system apparently evolves along an isotopically equilibrated pathway. Pyrite is very sparingly soluble (15) , and pyrite formation is effectively a unidirectional reaction; thus the associated fractionation is very unlikely to reflect isotopic exchange equilibrium. Fig. 1b In most sedimentary environments, the H 2 S pathway is the dominant pyrite forming mechanism since polysulfide is a minor S(-II) aq species relative to H 2 S aq under the entire oceanic pH range (15) .
Polysulfides may be more important at the oxic/anoxic interface (e.g. at the surface of Fe(III) oxyhydroxides) under alkaline conditions and the polysulfide pathway may nucleate pyrite. Further pyrite formation however, would involve H 2 S and bulk pyrite signatures reflect the H 2 S pathway (18) . The role of FeS m as a reactant for pyrite formation may have been particularly important in Proterozoic and Archean oceans, which were characterized by high Fe(II) aq concentrations (19) . In anoxic Archean oceans, the precipitation of iron sulfides was restricted to regions where bacterial sulfate was actively producing S(-II). Assuming continuous hydrothermal Fe(II) aq inputs with an isotopic composition ~ 0 ‰ (7, 20) , Fe(II) would be partly removed from solution as FeS m isotopic compositions varying from -0.9 to -0.3 ‰ (5). FeS m dissolution to FeS 0 aq and isotope exchange between FeS 0 aq and Fe(II) aq would produce a range of isotopic compositions varying from -0.9 to +0.5 ‰ for FeS 0 aq (5, 21) . Subject to the rate and the extent of Fe utilization, subsequent pyrite would record isotopic compositions from ~ -3.1 to + 0.5 ‰ (Fig. 2 ). This means that combining our result for Δ 56 Fe FeS(0)aq-pyrite with kinetic and equilibrium Fe isotope fractionation between Fe(II) aq and The idea that a large 56 Fe depleted Fe(II) aq pool in the Archean was required in order to produce depleted pyrite raised the following question: in what sediment is the mass-balancing 56 Fe enriched Fe reservoir recorded (7, 22) ? Although BIFs also display some negative δ 56 Fe, their mean isotopic composition is ~ 0 to -0.5 ‰ ( Fig. 3 ) (7) . Similarly, even though Archean pyrites display δ 56 Fe pyrite values down to -3.5 ‰, the isotopic distribution clusters between -1.2 and -2.2 ‰ ( Fig. 3 ). If the pyrite forming mechanism itself is responsible for the observed compositions, Archean pyrite signatures indicate that the Fe isotope composition of the Fe(II) aq reservoir was ~ 0 ‰ and that the degree of Fe(II) utilization was low. In the Archean environment where Fe(II) aq with δ 56 Fe ~ 0 ‰ is continually injected into the system by hydrothermal vents, small amounts of Fe removal as pyrite would not dramatically change the isotopic composition of the remaining Fe(II) aq pool and we propose that there is no need for a large 56 Fe depleted Fe(II) aq pool to be produced prior to pyrite formation. Certainly, both DIR and the removal of Fe(II) aq as BIFs in ferruginous regions would promote the production of 56 Fe depleted fluids enabling the formation of light sedimentary pyrite.
However the signatures typically observed in sedimentary pyrite are not diagnostic for DIR. We suggest that low δ 56 Fe signatures in Archean sedimentary pyrite indicate that the portion of Fe removed as pyrite was relatively small in respect with the portion of Fe remaining in the Fe(II) pool (23) , which should be tested in geological studies against the degree of pyritization (24) . We note that a correlation between Fe and S isotope compositions can also be obtained by varying the degree of Fe and S utilization as pyrite. (2) . BIFs data are from (7) . Pyrite data are from (2) . The mean weighed value is ~ 0 to -0.5 ‰ for BIFs and ~ -1.5 ‰ for Archean sedimentary pyrite. The black areas represent the possible spectrum of pyrite isotope signatures (this study) when pyrite forms from precipitated FeS m that represents 10 % of the Fe(II) aq reservoir. The grey area represents the composition range between igneous rocks and hydrothermal fluids. Modified after (7) .
The rise of the oxygen into the atmosphere would have stimulated bacterial sulfate reduction through the increase sulfate fluxes due to oxidative continental weathering (25 (15) . The production of 56 Fe depleted pore water Fe(II) aq is not restricted to DIR but also to Fe partial removal as 56 Fe enriched (hydr)oxides and Fe adsorption onto Fe (hydr)oxides (30) . In some modern sediments, where polysulfide becomes an important S(-II) aq species, the pyrite forming mechanism may be different to those evaluated here, and therefore may be accompanied by a different fractionation.
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Experimental methods
All reagents were of analytical grade and solutions were prepared using 17 (13, 34) .
In the glove box, 0.005 mol of freeze-dried FeS m was introduced into a reaction-vessel and 10 mL of a 0.05 M MOPS (pH 6) buffer were added. The reaction-vessel was either a heat-sealed glass ampoule (13, 35, 19 , in the case of the "Py" experiments) or a rubber sealed serum bottle (35, 36, Vessels were allowed different durations of reaction, and frozen to stop the reaction for pending mineral extraction.
Once frozen, the reaction-vessel was opened, flushed with N 2 to remove the excess of H 2 S from the head-space, and attached to a freeze-dryer for three days. In the glove-box, ~ 0.1 g of the solids, i.e. a mixture of mackinawite, pyrite and MOPS salts, was loaded and sealed onto the metal (Al) support of an environmental sample holder for immediate XRD characterisation (16) . A small portion of the solids were carbon coated for immediate SEM analysis. Separation between pyrite and mackinawite from the remaining solids was completed using modified preferential dissolution of existing protocols (4, 37) . Solids (0. 
Analytical methods
We tested the determination of the pyrite percentage (%Py) from the high peak area (around 16° 2θ for mackinawite, and around 32° 2θ for pyrite) with standard mackinawite-pyrite mixtures.
Freeze-dried mackinawite was prepared as described above. Natural pyrite was ground with a pyrite respond linearly to the weighted %Py from the standard mixtures. Precision on %Py calculated from the peak areas is given by replicates measurements of the calibration mixture and is ± 7 % (2σ level). Measuring the peak areas for mackinawite and pyrite in our samples thus allowed us to determine a degree of pyritisation. The MOPS salts did not show any peak on the XRD spectra and did not perturb the standard response.
Total Fe concentrations in Fe FeS and Fe pyrite solutions were determined in order to confirm the extent of pyritisation given by the XRD scans. We used the thiocyanate method (38) Beer-Lambert's law is followed for a 0 to 5 ppm [Fe(III)] range with a precision 2σ = ± 0.1 ppm. Table   S1 compares the relative %Py obtained with [Fe(III)] analysis and with XRD analysis.
Sample imaging, mineral products determination and texture description were performed via backscatter detector on a Philips XL30CP ® Scanning Electron Microscope (SEM) at 20
kV. Qualitative chemical analysis on the material surface was carried out with PGT ® Spirit X-ray analysis as a mineralogical check.
Fe isotope analysis has been described in detail elsewhere (39) . Samples (Fe(III) in HCl) were taken to dryness and re-dissolved in 5% HNO 3 
The precision of our measurements was the reproducibility 2sd for the sample set described in this manuscript, obtained by measuring an external standard and was ± 0.08 ‰ and ± 0.16 ‰ (2σ) for δ 56 Fe and δ 57 Fe respectively.
Modelling approach
Models for the isotopic evolution of the FeS m -FeS 0 aq -pyrite system at 40°C and 100°C have been calculated in Matlab 7.7.0 (MathWorks ® ). If we consider a system in which phase A (here Fe(II) RES = FeS m + FeS 0 aq ) incrementally transfers into phase B (pyrite) with the Fe isotope fractionation Δ 56 Fe Fe(II)RES-pyrite without any further exchange between A and B, the isotopic evolution of the system is described by the incremental Rayleigh equation (40): where f is the fraction of Fe(II) RES remaining in the system at each time t, and α stands for the fractionation factor between pyrite and Fe(II) RES . This simple Rayleigh fractionation has been applied to the 40°C data, but is not a close fit to the 100°C data.
For the 100°C data, we considered the fact that only FeS 0 aq transfers into pyrite with the Δ 56 Fe FeS(0)aq-pyrite fractionation, and that at this temperature the remaining 56 The isotopic composition of each phase is given by: 
The isotopic composition of each phase is given by: 
Homogenisation of the Fe(II) reservoir
In this step, pyrite is unchanged, whereas FeS m and FeS 0 aq exchange and homogenise (still assuming that there is no isotope fractionation between FeS m and FeS 0 aq ). The isotopic composition of the reservoir is given by: 
The three steps mentioned above were calculated until complete consumption of the Fe(II) reservoir. We used the FeS m solubility data from Rickard (41) to determine the concentration of FeS 0 aq . In order to keep the concentration of FeS 0 aq constant, we set equal values for q and z, i.e. we assume that dissolution of FeS m to FeS 0 aq is equal or faster than consumption of FeS 0 aq to form FeS 2 .
Results and discussion for the separation procedure
Experimental results are summarised in Table S1 Removal of organic matter left by MOPS after freeze-drying was crucial to prevent carbon to be introduced into the MC-ICP-MS. Both aqua regia and hydrogen peroxide (VWR™) were tested to oxidatively remove organic carbon. 5 to 10 mL of the oxidant was added to the residue and warmed up to 85°C and dried. The procedure was repeated three times. The final residue was dissolved in concentrated HCl and taken up to volume. 5 μL of the solutions were diluted four times in methanol for Electron Spray Ionisation Mass Spectrometry (ESI-MS). Results showed that MOPS is still present in the solution oxidised with aqua regia whereas MOPS is not detectable in the solution oxidised with hydrogen peroxide. NMR analysis showed the persistence of organic molecules in both solutions, but peaks were broad and difficult to analyse, perhaps indicating sulphur and nitrogen containing molecules. Total Organic Carbon (TOC) analyses showed that 99 % of carbon had been removed from the solution oxidised with hydrogen peroxide.
Fig. S1.
Analytical quality control for all experimental samples including the Baker Fe solution (external standard, in red) normalized with IRMM-14 in a three isotope plot. The slope of the line is consistent with the terrestrial mass fractionation line.
